We present a novel experimental method for measuring the mechanical properties of nano-thickness materials using a freestanding membrane test.
INTRODUCTION
Accurate measurement of the mechanical properties of thin films are important to a broad range of technologies, including, for example: Integrated Circuits (IC's), thin film optics, MEMS, NEMS, etc. Though testing methods for bulk materials are well established, testing methods for micro-and nano-scale materials are still under development. The challenges are many, including the need for ultra-high resolution load/displacement measurement.
Nano-scale materials also have unique properties that vary with length scale [1] , are strongly affected by the presence of native oxides [2] , and may develop large residual/intrinsic stresses due to deposition/growth techniques. These effects are further confounded when testing composites of nano-scale materials.
The mechanical properties of thin films have been measured in several ways. One approach is to deposit a thin film onto a substrate, load the laminate, and use existing composite theory to extract the film properties. Kang et al [3] did just this by depositing an Al thin film (60 nm to 480 nm thick) onto a polyimide substrate (4 µm thick), and then loaded the laminate. Others have used nanoindenters to measure the properties of the as-deposited [4] . In either case, testing of layered thin films is complicated by interactions between the film and substrate. The only way to alleviate this problem is test directly, the nanoscale film.
There have been many efforts to measure the mechanical properties of freestanding thin films, including: the uniaxial tensile test [5] , bending of a cantilevered beam [6] , and the bulge test [7, 8] . Though the bulge test is attractive in many respects, it requires pressurized testing of nearly defect-free films (i.e. without pinholes or porosity). As such, the bulge test is not feasible for many material systems, notably polymers and porous low-k dielectrics.
We present a new scientific tool for testing free-standing circular membranes. This new tool utilizes a micro-fabricated load cell that consists of a loading beam protruding from the midpoint of a fixed-fixed beam. The beams are fabricated from Single-Crystal Silicon (SCS) using standard microfabrication processes. Precise control over the beam dimensions and knowledge of the single crystal silicon's orientation allows us to accurately determine the load applied to the circular thin membrane film. The micro-fabricated load cell is pressed into the circular test film using a calibrated piezoelectric stage. Deflection of the load cell is read from a cofabricated vernier scale and the difference between the piezoelectric stage movement and the vernier scale provides a measure of the membrane deflection.
LOAD CELL FABRICATION
The custom load cell was fabricated separately from the free standing thin films. A combination of both wet and dry etching are performed on both the thin film samples and the load cell. All fabrication was done using standard techniques.
A multi-step process was utilized to fabricate the load cells. Fabrication begins with a bare SCS wafer (any crystal orientation). A masking layer of is then grown onto the surface. Fixed-fixed beam structures are then patterned into a photoresist layer (see Figure 1 ). This is followed by dry etching of the SiO 2 layer. Deep Reactive Ion Etching (DRIE) of Si using the Bosch Process [9] is then performed to create high-aspect ratio structures. Next, another SiO 2 layer is grown and the oxide on the horizontal surfaces are back etched using an anisotropic dry etch, which leaves the vertical sidewalls. The following step isotropically etches the Si. Isotropic etching undercuts the Si beams leaving them freestanding. The beams are anchored onto the substrate by pads that have widths much greater than the width of the beams, and thus they are not fully undercut. The final step is isotropic wet etching of the SiO 2 using HF. At this point a fixed-fixed beam of known dimensions is freestanding above the substrate. It is composed solely of SCS. The afore mentioned process is SCREAM [10, 11] -like. The process differs in the last step where instead of metallizing the structure, the dielectric is removed leaving bare Si structures. This change is necessary to produce a structure made of a homogeneous substance, SCS, whose material properties are well known. This, along with the structures regular and known geometry, allows us to accurately calculate the stiffness of the structure. The final step to complete the construction of the load cell is to attach a 300 µm diameter sapphire ball lens. This is done to provide a known contact tip radius and facilitate analysis using closed-form membrane solutions [12] . Figure 3 is an optical micrograph of a ball lens attached to a load frame.
Attachment of the ball lens to the load bearing member is a difficult task. It is important to mention that the ladder structure of the design is needed as a wick-stop for the epoxy adhesive that is used to attach the ball to the load cell. 
THIN FILM FABRICATION
A multi-stage process is also used to fabricate the free standing films. Fabrication begins with Si wafers that are; pdoped with B, double-side polished, and have a (100) crystal orientation. These wafers are then placed into a tube furnace where a wet oxide is grown. A mask pattern was then transferred to the backside of the wafer through standard photolithographic techniques. The front side of the wafer is also covered in photoresist to protect it from the following fabrication step. The next step was to remove the exposed SiO 2 by submerging the wafer in an HF acid bath, thereby wet etching the film. The photoresist was then removed. A TMAH bath was used to anisotropically etch [13] windows from the backside to within ~50 µm of the top surface. The SiO 2 was then removed from the entire wafer. At this point, the top surface of the wafer is patterned with circles of varying diameter that will define the freestanding membrane's diameter. Then the test film is deposited onto the backside of the sample. Finally, the topside is DRIE using the Bosch Process [9] until all SCS has been removed that lies above the thin film and not below the photoresist. At this point the process has yielded a freestanding thin film. Figure 4 details the fabrication process, while Figure 5 shows a typical SEM image of a freestanding Au film. 
EXPERIMENTAL SETUP
Experiments were conducted by bringing the ball lens, which is attached to the load frame, into contact with the center of the free standing membrane and deflecting it. The deflection of the membrane is related to the motion of the piezo and the deflection of the load-cell through:
∆y membrane = ∆y piezo -∆y vernier (1) A schematic illustrating this relationship is shown in Figure 6 . The details of the experimental setup follow. The experimental setup consists of four main components; the load frame, the freestanding circular thin film membrane, high precision translation stages, and two microscopes, arranged as shown in Figure 7 . The purpose of the first two components is clear. High resolution stages are necessary to move the free standing circular membrane and the load frame into alignment. Two microscopes are used to simultaneously take displacement data from the membrane and from the load frame. Four high resolution stages are used to align the load cell to the center of the membrane. Two stages are utilized to position the center of the free standing membrane in x-y space under the ball lens of the indenter. The other two stages are used in order to move the ball lens into contact and further deflect the free standing circular membrane. One of these two stages is a manually operated stage that allows for coarse movement of the load frame to near contact with the free standing circular membrane. The other stage is mounted on the coarse stage. This stage is actuated by a piezoelectric crystal and has displacement control to sub-nanometer resolution. Thus the limiting factor for the measurement of the deflection of the membrane and load frame are governed by the, interferometric measurements made on the membrane and by the vernier, respectively.
The two microscopes utilized were an interferometric microscope and an optical microscope. The interferometric microscope was positioned below the membrane to measure directly the deflection of the membrane. Deflection of the membrane was measured by counting the number of fringes obtained from the interferometric objective. The optical microscope was positioned in front of the vernier in order to measure the motion of the load frame via the vernier. Motions of +/-500 nm can be resolved by the vernier. Note that the displacement of the vernier also provides the force applied to the membrane.
RESULTS
Preliminary experiments have been performed to validate the proposed scientific tool. Tests were conducted on gold membranes 445 nm thick and 865 µm in diameter. Results of these tests are are shown in Figure 8 . Data was collected by watching the vernier located on the center point of the fixedfixed beam and simultaneously recording the position of the piezo. Then using Eqn. 1 the deflection of the membrane was found. The force applied to the membrane was found using non-linear beam theory [14] . The x-error bars are associated with the resolution of the vernier (+/-500 nm). Similarly, the y-error bars are related to the vernier's ability to measure the center point deflection of the beam, thus contributing to error in force measurement. The line on Figure 8 is a cubic curve fit, as predicted for a membrane with no pre-strain. Though these data do indeed match the theoretically predicted cubic behavior, these experiments are deemed useful only for validation of the experimental procedure. This is due to two misalignments of the experimental apparatus. The first misalignment was that of the ball lens to the free standing circular membrane. Figure 9 clearly shows plastic deformation due to the ball lens' pressure on the membrane. Its location shows, however, that the ball lens was not, in fact, in the center of the membrane. Thus it is concluded that a second microscope, the interferometric, is necessary in order to properly align the ball lens to the free standing circular membrane. The second misalignment is between the end of the load frame and the ball lens. From the front the ball lens appears to be nearly center, Figure 3 . Upon inspection from the side (not shown), however, it was observed that the ball lens is more than 50 µm off center. Thus a force applied to the bottom of the ball lens will place a torque on the fixedfixed beam of the load cell. Where P is the applied load, m is a fitting constant (that envelopes constants, geometry, and material properties), and δ is the membrane's displacement.
In a second experiment the interferometric lens was the only microscope that was utilized. It was much easier to align the ball lens to the center of the membrane using this lens. Once proper alignment was achieved the ball lens was incrementally moved into the membrane. Fringes appeared and radiated from the center of the membrane, Figure 10a . Based upon the wavelength of the illuminating light, the vertical displacement between any similarly colored fringes is 274 nm. Thus counting the number of fringes allows one to directly measure the displacement field of the membrane and then calculate the deflection of the load frame through Equation 1. Plastic deformation of the membrane occurred under the indenter, thus a dimple is seen approximately 50 µm below center.
The interferometric objective enabled observation of the membrane's displacement field and, at higher loads, revealed that the membrane began to buckle, Figure 10b . Thus it is concluded that use of the interferometric objective as well as the optical microscope is necessary in order to fully monitor the experiment and to properly interpret the data. 
SUMMARY
We have presented the design and initial validation of a novel testing apparatus for measuring the mechanical properties of thin films. We have developed processing procedures for fabricating both a high resolution, custom load cell, and freestanding thin film membranes. Preliminary experiments on gold films show good agreement with theory and demonstrate that the proposed method can be developed into a new tool for measuring the mechanical properties of nanoscale materials.
